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Abstract
The purpose of this study was to follow the progression of gross and histologic lesions and apoptosis events in Lawsonia intra-
cellularis-infected enterocytes through the course of the disease, proliferative enteropathy (PE). Thirty 5-week-old pigs were
divided into 2 groups: 20 challenged and 10 control animals. Groups of 3 pigs, 2 challenged and 1 control, were euthanized at 1, 3,
5, 8, 11, 15, 19, 24, 29, and 35 days after inoculation. Complete necropsies were performed with gross evaluation. Tissue samples
from different sites of the gastrointestinal tract and other visceral organs were collected for routine histologic staining and for
immunohistochemistry (IHC) for L. intracellularis. In addition, caspase-3, terminal deoxyuridine nick-end labeling assay, and
electron microscopy were performed in ileum samples. Macroscopic and histologic lesions suggestive of PE were first detected
11 days after infection and continued through day 24. L. intracellularis antigen was first detected in the intestine by IHC on day 5
after inoculation, and the bacterium was first detected by transmission electron microscopy on day 15. Positive IHC staining for
[L. intracellularis] and enterocyte proliferation, but no gross lesion, were detected on day 29. All 3 pigs euthanized on day 35 were
grossly and histologically normal and IHC negative. Hyperplastic crypts in challenge pigs had more apoptotic cells on days 15, 19,
and 24 postinfection (P < .05) compared to control pigs. Our results demonstrated the progression of lesions and infection by L.
intracellularis and that inhibition of enterocyte apoptosis is not involved in the pathogenesis of proliferative enteropathy.
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Porcine proliferative enteropathy (PE) is an intestinal infectious
disease characterized by thickening of the aboral small intest-
inal mucosa due to enterocyte proliferation associated with the
presence of an intracellular bacterium, Lawsonia intracellu-
laris.16,19 Proliferative enteropathy has been reported in several
different animal species3,25 but has been best described in pigs
and hamsters. The disease has been recognized in all major
swine industries throughout the world.
Cell proliferation, an important feature of PE, cannot be
reproduced in vitro15,20; therefore, in vivo studies provide a
better understanding of its pathogenesis. An increased anti-
apoptotic gene expression and a decreased pro-apoptotic gene
expression have been found at 21 days postinfection,24 and tem-
porary reduction of apoptosis induced by L. intracellularis infec-
tion is hypothesized to be one of the mechanisms involved in
enterocyte proliferation. At late stages of the infection, the dis-
appearance of the bacteria in enterocytes was associated with
resumption of apoptotic events and the histologic appearance of
the intestinal mucosa returns to normal.21 However, no quanti-
tative or statistical evaluations of the apoptotic events were per-
formed in affected and nonaffected PE cases. Although a PE
progression study has been performed focusing on immune
response,17 apoptotic events were not investigated in vivo. A
more systematic study of the relationship between enterocyte
proliferation and apoptotic events would enhance the knowledge
of the mechanism of cell proliferation observed in PE lesions.
The objective of this study was to investigate the progres-
sion of gross and histologic lesions and apoptotic events in
association with the presence of L. intracellularis bacteria
through the course of disease in experimentally infected pigs.
Materials and Methods
Preparation of the L. intracellularis Inoculum
Pure culture of the pathogenic L. intracellularis isolate
PHE/MN1-00 was used as the inoculum material. The
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bacterial growth conditions were the same as described
elsewhere.8,9 Briefly, eukaryotic cells were infected with
L. intracellularis, grown for 7 days in a microaerophilic envi-
ronment and then passed to expand the culture. At the last
passage, bacteria were released from infected eukaryotic
cells, concentrated by centrifugation, suspended in sucrose-
potassium glutamate (SPG) solution, and kept at 4C until
challenging pigs later on the same day.
Quantification of the pure culture inoculum was accom-
plished by making serial 1:10 dilutions of the inoculum, coat-
ing 15-well glass slides, and staining with the monoclonal
antibody specific for L. intracellularis as described else-
where.10 Aliquots of the pure culture inoculum were also sub-
mitted to the University of Minnesota Veterinary Diagnostic
Laboratory for bacteriologic and virologic analyses.
Study Design
Thirty 5-week-old pigs of mixed sex weighing between 9 and
13.6 kg were obtained from a commercial herd with no history
or recorded cases of PE. The herd was serologically negative
for L. intracellularis, porcine respiratory and reproductive syn-
drome, and Actinobacillus pleuropneumoniae. Segregated
early weaning at 16 days of age to an off-site nursery was
routinely performed on the farm to help minimize respiratory
disease.
Two days before challenge, serum and fecal samples were
collected from all pigs and tested by the immunoperoxidase
monolayer assay (IPMA)11 and PCR for IgG and L. intracellu-
laris DNA,13 respectively, to assure PE-negative status. One
day before challenge, the animals were divided into 2 groups
randomized by weight: 10 pigs in the control group and 20 pigs
in the challenged group. The pigs were allocated into 3 differ-
ent rooms in isolation barns at the University of Minnesota
under restrictive biosecurity protocol, and the control group
was always managed first.
On day 0, pigs in the control group received SPG with 5%
FBS solution, and each pig in the challenged group received
4.37  109 organisms of the L. intracellularis isolate PHE/
MN1-00 in SPG with 5% FBS solution. All animals were intra-
gastrically dosed with 31 ml of the respective inoculum using a
stomach tube. Health observations based on the consistency of
the feces graded from 1 (normal) to 5 (bloody and liquid), as
described elsewhere,9 were made 3 times per week. Groups of 3
randomly chosen animals, 2 challenged and 1 nonchallenged,
were euthanized at different times after the inoculation as fol-
lows: 1, 3, 5, 8, 11, 15, 19, 24, 29, and 35 days. All procedures
were conducted in accordance with the guidelines of the Ani-
mal Care and Use Manual of the University of Minnesota and
were approved by the Institutional Animal Care and Use Com-
mittee (A3456-01).
Necropsy and Sampling
Complete necropsies were performed immediately postmor-
tem. Fecal samples were collected from the rectum of all pigs
at each necropsy date and tested for L. intracellularis shedding
by PCR.13 Intestinal lavage of the aboral 25 cm of the small
intestine (ileum) of all pigs euthanized after day 11 was made
with 20 ml of cold PBS. The lavage was then centrifuged at 150
 g for 5 minutes to eliminate solid material, and the super-
natant was frozen for secretory IgA titration using a modified
IPMA test.7 Severity and lesion length were evaluated and
graded from 0 (normal) to 4 (hemorrhagic), as described else-
where.12 Tissue samples from tonsil, stomach, duodenum, mid-
dle jejunum, ileum, cecum, proximal colon, spiral colon,
rectum, ileocecal and hepatic lymph nodes, liver, spleen, kid-
ney, lung, and heart were collected, fixed in 10% neutral buf-
fered formalin, and histologically processed. Ileum samples
that were adjacent to sections selected for light microscopy
were trimmed in small fragments immediately after euthanasia
and placed in Karnovsky’s solution (2.5% glutaraldehyde, 1%
paraformaldehyde in PBS, pH 7.2). After 30 minutes, when
tissue had hardened, small (1-mm) pieces were cut, fixed for
90 more minutes, washed 3 times with PBS (pH 7.2), and kept
at 4C until further processing for transmission electron micro-
scopy examination.
IgA Titration in Intestinal Lavage
IgA titration was performed as previously described.7 Briefly,
96-well plates (Nunc, Rochester, NY) containing acetone-
fixed monolayers of McCoy cells heavily infected with L.
intracellularis were rehydrated in a solution of PBS with 5%
skimmed milk for 10 minutes at 37C to block nonspecific
reactions. The intestinal lavage samples were diluted in the
same block solution in serial 4-fold dilutions (1:4, 1:16,
1:64, and 1:256). Then, 50 ml of each diluted sample was
added to the test well. The plate was incubated for 30 minutes
at 37C and then washed 5 times with PBS containing 0.05%
Tween 20 (PBST, Tween 20 obtained from Sigma, St Louis,
MO). Goat antiporcine IgA-peroxidase conjugate (Bethyl
Laboratories, Montgomery, TX), diluted 1:1000 in PBST, was
added at a concentration of 30 ml/well, and incubation
proceeded for 45 minutes at 37C. The plate was washed
5 times with PBST and 100 ml prediluted chromogen
(3-amino-9-ethyl-carbazole; Sigma) solution was added to
each well and incubated at room temperature for 20 minutes.
The plate was washed with PBS 3 times, allowed to dry, and
examined using an inverted light microscope.
Histology, Immunohistochemistry, and TUNEL Assay
All formalin-fixed tissue samples were stained by HE and
by IHC stain (peroxidase-labeled streptavidin method;
Dako, Carpinteria, CA) using a monoclonal antibody spe-
cific for L. intracellularis.16 Lesions of PE were scored
from 0 to 3 according to histopathologic changes, consid-
ering score 0 when no crypt with hyperplastic enterocytes
was present and score 3 when all crypts were hyperplastic.
Table 1 shows the microscopic features of the graded score
system applied.
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Only ileum sections were stained by IHC using a rabbit
polyclonal anti-active caspase-3 antibody (Research Diagnos-
tics, Inc., Flanders, NJ) at 1:100 dilution and using a steamer
for 20 minutes for antigen retrieval for quantification of apop-
totic cells. Cells undergoing apoptosis were also identified by
using the terminal deoxyuridine nick-end labeling (TUNEL)
method, with a commercial apoptosis detection kit (ApopTag1
Plus Peroxidase In Situ Apoptosis Detection Kit; Serologicals
Corporation, Atlanta, GA). In brief, the procedure was as fol-
lows: multiple fragmented DNA 30-OH ends on the sections
were labeled with digoxigenin-dUTP in the presence of terminal
deoxynucleotidyl transferase (TdT). Peroxidase-conjugated anti-
digoxigenin antibody was reacted with the sections and apopto-
tic nuclei were visualized by peroxidase-diaminobenzidine
(DAB) reaction. The sections were then counterstained with
methylgreen. Negative control slides were treated identically,
but the enzyme solution was omitted. Apoptotic indices (AIs)
for caspase-3 and TUNEL assays were calculated using the
number of crypt apoptotic cells positively stained / total cells
counted  100. Four randomly chosen fields per section
(5 crypts/field) were observed.
Transmission Electron Microscopy
Ileum samples collected for electron microscopy evaluation,
previously washed in PBS and kept refrigerated, were fixed
in 1% osmium tetroxide, dehydrated through a graded series
of alcohol, and embedded in resin. Ultrathin sections were cut
with a diamond knife and supported on 200-nm copper grids.
After staining with uranyl acetate and lead citrate, the sections
were examined in a Phillips CM12 transmission electron
microscope.
Statistical Analysis
Mann–Whitney nonparametric test was used to compare
AIs between challenge and control groups, with significance
at P < .05. Pearson correlation analysis between TUNEL and
caspase-3 IHC was performed.
Results
Clinical Findings
Clinical signs characterized by soft feces and watery diarrhea
occurred only in challenged pigs and began 9 days after
inoculation. Blood-tinged watery feces were observed in 2 to
3 consecutive clinical evaluation days in 3 challenged pigs
from days 13 to 28 after inoculation. One of these animals
became progressively depressed and gaunt for 10 days and it
had to be euthanized on day 24 after challenge. This was the
only animal not randomly chosen for euthanasia.
Macroscopic Lesions
Gross lesions were restricted to the alimentary tract, abdominal
cavity, and mesenteric lymph nodes. Mildly increased thick-
ness and hyperemia of the mucosa (grade 1 lesion) extending
primarily from the ileocecal orifice for 5 cm was seen on day
11 in 1 challenged pig (Fig. 1).
At necropsy on day 15, 1 challenged animal with blood-tinged
watery diarrhea had enlarged lymph nodes 3 times the normal size
and approximately 200 ml of translucent yellowish transudate in
the abdominal cavity. The serosa of the ileum extending up to the
middle jejunum was corrugated and the intestinal wall was thicker
than normal. The ileal mucosa extending up to 1 meter in the distal
jejunum and 5 cm into the colon was corrugated with thick, evi-
dent, and hyperemic folds (grade 2 lesions) and fibrin covering
the surface (Fig. 2). Lesions extending for 2 meters in the middle
jejunum were more severe than in the ileum and distal jejunum
with small superficial areas of necrosis of the mucosa and forma-
tion of fibrinonecrotic membranes (grade 3 lesion). The spiral
colon contained dark brown, blood-tinged, watery feces.
By day 19, 1 pig had grade 2 lesions in the ileum extending
1.3 meters to the distal jejunum and 60 cm more of grade 1
lesions in the adjacent proximal middle jejunum. The pig that
was euthanized on day 24 was pale and dehydrated and had
prominent spine, rib, and pelvic bones. It had grade 2 lesions in
the ileum extending 2.2 meters in the distal jejunum and 10 cm
in the cecum and colon. Intestinal lesions (1 meter long) were
more severe (grade 3) with extensive necrosis of the mucosa in
the adjacent middle jejunum (Fig. 3). The spiral colon con-
tained dark brown, blood-tinged, watery feces.
No gross lesions were observed in either of the challenged
animals necropsied on day 29. On day 35, ileum from 1 of the
challenged pigs appeared thicker than normal with slightly
corrugated mucosa. Control pigs had no macroscopic lesions
at any of the necropsy time points.
Histopathology and IHC for L. intracellularis
Histologic lesions associated with PE occurred in the intestinal
tract and ileocecal lymph nodes. Several challenged and con-
trol pigs had mild interstitial pneumonia and mild to moderate
hepatic degeneration. No L. intracellularis antigen was
detected in the heart, kidney, liver, spleen, lung, and stomach
sections of any challenged or control animal by IHC.
Table 1. Incidence of Mucosal Hyperplasia and Bacterial Antigen
Labeling in Different Intestinal Segments in Pigs Experimentally
Inoculated (2 pigs at each date) With Pure Culture of Lawsonia
intracellularis.a
Tissue Section
No. of Days After Inoculation
1 3 5 8 11 15 19 24 29 35
Duodenum 0/0 0/0 0/0 0/0 0/0 0/1 0/0 0/0 0/0 0/0
Jejunum 0/0 0/0 0/2 0/1 2/1 1/1 1/1 1/1 0/0 0/0
Ileum 0/0 0/0 0/1 0/2 2/2 1/2 2/2 1/1 0/1 0/0
Cecum, proximal
colon
0/0 0/0 0/0 0/2 2/2 1/2 2/2 2/2 1/2 0/0
Spiral colon 0/0 0/0 0/0 0/0 0/1 1/2 1/2 1/1 0/1 0/0
Rectum 0/0 0/0 0/0 0/0 0/1 0/1 2/2 1/1 1/1 0/0
aData are given as number of pigs with hyperplastic enterocytes/number of pigs
with L. intracellularis antigen labeling.
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L. intracellularis antigen was first detected by IHC in the
intestine 5 days postinoculation when both challenged pigs had
isolated foci of bacteria in the cytoplasm of crypt enterocytes in
the jejunum (Table 1) and 1 of these pigs also had L. intracel-
lularis antigen in 1 crypt in the ileum. No histologic lesion was
noted in association with presence of the bacterial antigen. By
day 8, similar focal areas of L. intracellularis-labeled antigen
were observed in crypt enterocytes in the ileum and proximal
colon of 1 pig with no concurrent histologic alteration. The
second challenged pig euthanized on day 8 had multifocal
positive antigen-labeled bacteria in crypt enterocytes and in the
tip of villi in the ileum (Fig. 4b) and jejunum. Isolated foci of
bacteria were also detected in the cecum and proximal colon.
Histologically, there was discrete villous atrophy in the ileum
section, but no sign of enterocyte proliferation was observed
(Fig. 4a).
Multifocal crypt cell hyperplasia and a reduced number of
goblet cells were evident in ileum and proximal colon sections
in both challenged pigs on day 11. Crowded crypt-type epithe-
lium covered the lower one-half to three quarters of each villus.
Villi were also wider than normal because hyperplastic epithe-
lial cells were elongated and pseudostratified. Some crypts
were mildly dilated and crypt lumens contained cell debris.
No evident inflammation was found. Focal areas of crypt
hyperplasia were also observed in the jejunum of both animals.
Intense L. intracellularis antigen label was observed in the
cytoplasm of hyperplastic crypts and also in the cytoplasm of
mononuclear cells in the lamina propria in the ileum. Multi-
focal areas in the jejunum and focal areas in the proximal and
spiral colon, cecum, and rectum had bacterial antigen labeled in
the cytoplasm of epithelial cells.
By day 15, immature epithelial cell hyperplasia was diffuse
in the ileum (Fig. 5a), cecum, proximal and spiral colon, and
jejunum. Affected areas of the jejunum and ileum were asso-
ciated with severe villous atrophy. Necrosis of the superficial
mucosal overlayer and deposition of fibrin forming a fibrino-
necrotic membrane were observed in the jejunum, whereas
intense and diffuse bacterial antigen labeling was found in
crypt cells and lamina propria in the ileum (Fig. 5b) and jeju-
num, and lumen and cytoplasm of crypt cells in the duodenum,
proximal and spiral colon, cecum, and rectum. Bacterial anti-
gen was also detected in the lymphoid nodules of submucosa of
the proximal colon. Similar histologic lesions and L. intracel-
lularis distribution were observed on days 19 and 24 (Fig. 6a,
b), except that more severe and deeper mucosal necrosis was
detected in jejunum sections on day 24.
By day 29, epithelial cell hyperplasia was observed only in
the rectum and proximal colon of the 2 necropsied pigs
(Fig. 7a). Multifocal areas of L. intracellularis-labeled antigen
were visualized in the cytoplasm of crypt cells and in the
lamina propria in the rectum (Fig. 7b) and only in focal areas
in enterocytes or in the lamina propria in the ileum, cecum, and
proximal and spiral colons. It appeared that most of the bacter-
ial infection had been cleared from enterocytes and bacterial
antigen was more often present in the cytoplasm of mononuc-
lear cells in the lamina propria. By day 35, no histologic lesions
or L. intracellularis-labeled antigens were observed in the
intestinal sections.
Ileocecal lymph nodes had prominent germinal centers and
medullary cords filled with plasma cells from days 5 to 24 after
inoculation. Cortical and medullary sinuses usually contained
some neutrophils. Multiple foci of L. intracellularis-labeled
antigen were detected in the cortical and medullary sinuses
from days 8 to 24 after inoculation. Small foci of bacterial
antigen label were observed in the cytoplasm of mononuclear
Figures 1-3. Proliferative enteropathy, ileum, pig. Figure 1. Corru-
gation of the mucosa and hyperemia of folds, day 11. Figure 2. Cor-
rugation of the serosa and mucosa and deposition of fibrin forming a
pseudomembrane, day 15. Figure 3. Thickening of the intestinal wall
and extensive necrosis of superficial mucosa, day 24.
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cells in the same regions as ileocecal lymph nodes in the hepa-
tic lymph node on days 8 and 19 after inoculation.
Clusters of L. intracellularis antigen were observed in the
lumen of isolated tonsil crypts and in the cytoplasm of crypt
epithelial cells and mononuclear cells adjacent to the crypt on
days 19 and 35 after inoculation.
TUNEL and Caspase-3
The apoptotic index (AI) is shown in Fig. 8, both for TUNEL
and caspase-3 IHC in control and challenged pig groups. In the
control samples, the AI remained constant along the evaluated
period. In samples from challenged pigs, the AI increased from
days 11 to 24 after challenge, with P < .05 at 11, 15, 19, and 24
dpi (Figs. 9, 10), and returned to the control values at day 29
after challenge. In parallel, the lesion scores were highest at 15
days postchallenge. A high correlation (r ¼ .90) between the
AIs was obtained using activated caspase-3 and TUNEL.
Transmission Electron Microscopy
At 15, 19, and 24 days after inoculation, L. intracellularis organ-
isms were evident within the cytoplasm of affected enterocytes
in crypts and villi. Bacteria were straight or slightly curved
cylindrical rods with crenulated cell walls measuring 0.1 to 0.3
micrometer in diameter. The organisms were most abundant just
beneath the terminal web. Enterocytes parasitized by the bacteria
had poorly developed microvilli (small, sparse, and irregularly
distributed) (Figs. 11, 12). Some infected crypt cells were shrun-
ken and protruding into the lumen.
Fecal Shedding and Intestinal Lavage IgA Titers
All fecal and serum samples collected before inoculation were
negative. Fecal shedding and intestinal lavage IgA titer results
are summarized in Table 2. Fecal shedding was detected as
early as 3 days and up to 35 days after inoculation. IgA titers
Figures 4, 5. Proliferative enteropathy, intestine, pig. Figure 4. Day 8, (a) normal ileum. Hematoxylin and eosin (HE). (b) Low amount of
Lawsonia intracellularis antigen in the cytoplasm of enterocytes. Immunohistochemistry (IHC) for L. intracellularis. Figure 5.Day 15, (a) ileum with
hyperplastic crypts. HE. (b) Bacterial antigen in the cytoplasm of enterocytes and in a few mononuclear cells in the lamina propria. IHC for L.
intracellularis.
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in intestinal lavages were first detected at day 15 and were still
detectable at day 29, ranging from 1:4 to 1:16.
Discussion
In this study, the in vivo progression of gross and histologic
lesions in pigs after infection with cell-cultured L. intracellu-
laris up to 35 days after oral inoculation was followed. In this
study, L. intracellularis antigen was first detected in crypt
enterocytes in ileum and jejunum sections at day 5, whereas
MacIntyre et al17 and Boutrup et al,2 also using experimentally
infected pigs, detected a very small amount of antigen as early
as 3 days after inoculation. Nevertheless, in all 3 of these stud-
ies, the amount of L. intracellularis detected was similar
around 5 days after infection.
Histologic lesions typical of PE were detected only on day
11 postinoculation. Mild circulatory changes suggestive of
early infection with L. intracellularis were observed
macroscopically by day 11, but typical mucosal thickening and
corrugation was seen only on day 15 postinoculation. Diarrhea
was observed as early as 9 days and lasted until 28 days post-
inoculation, coinciding with the detection of the first macro-
scopic and microscopic PE lesions at 11 days postinoculation,
consistent positivity in PCR fecal samples, and L. intracellu-
laris antigens in the large intestine until 29 days postinocula-
tion. The bacteria were detected by electron microscopy as well
on this necropsy day. Macroscopic lesions were more often
present in the small intestine, more specifically in the ileum
and jejunum, but lesions in the proximal colon and cecum
could occasionally be detected. Only histologic lesions of PE
were present in the spiral colon and rectum. In another study in
which the disease progression was also followed,17 the macro-
scopic lesions were milder and sporadic, being observed in
only 4 of 16 experimentally inoculated pigs at days 13, 14,
35, and 42 after challenge. Our results indicate that gross
lesions related to PE were mainly found between days 15 and
Figures 6, 7. Proliferative enteropathy, intestine, pig. Figure 6. Day 24, (a) ileum with hyperplastic crypts. HE. (b) Extensive amount of L.
intracellularis antigen in the cytoplasm of enterocytes and in the lamina propria. IHC for L. intracellularis. Figure 7. Day 29, (a) rectum with
isolated hyperplastic crypts. HE. (b) Bacterial antigen is present in the crypt epithelium. IHC for L. intracellularis.
Guedes et al 625
24. PCR positivity by day 3 postinoculation was probably
related to inoculum that was still passing through the intestinal
tract. PCR positivity in fecal samples by day 35 postinoculation
might be explained by L. intracellularis infection in the large
intestine later in the course of the disease (29 days postinocula-
tion) based on IHC findings and that it could be easily missed
on day 35 using the same technique due to the length of the
large intestine in comparison with the small samples collected
for histology and IHC.
Only 1 challenged pig had a focal area of L. intracellularis
infection in the duodenum, as demonstrated by IHC, whereas
12 had widespread staining in the large intestine. It is possible
that conditions such as pH or lack of specific cellular receptors
might be responsible for the lower susceptibility of the duode-
num to L. intracellularis.
Detection of L. intracellularis-specific IgA in intestinal
lavages was previously reported in experimentally infected
pigs 22 days postinfection.7 In the present study, this procedure
was performed in correlation with the disease progression. This
immunoglobulin was detected between 15 and 29 days post-
infection, and the highest titer was 1:16 at 24 days postinfec-
tion. This local humoral immune response appeared to be more
short lived than the systemic humoral and cell-mediated
immune responses,7 although the sensitivity of the IPMA for
detecting IgA in intestine lavages is unknown. Moreover, due
to the small sample size, no correlation analysis with PE lesions
or L. intracellularis infection was performed. Further studies
correlating the presence of local immune response and protec-
tion have yet to be conducted.
Decreased apoptosis has been suggested as one of the
mechanisms by which L. intracellularis induces proliferation
of infected enterocytes.21,24 However, based on TUNEL and
caspase-3 IHC findings of the present study, it was demon-
strated that L. intracellularis-infected enterocytes, in fact, have
an increase in apoptotic events. It is interesting that the IHC
score and histologic lesions increased in the periods in which
AI was high. Therefore, we speculate that the proliferation rate
overcomes the increase in apoptotic events. Oh et al23 suggest
that pro apoptotic genes are upregulated in the first 48 hours
post in vitro L. intracellularis infection in McCoy cells. It is
important to remember that L. intracellularis infection in vitro
does not result in cell proliferation,15 which makes it difficult to
extrapolate these results to our in vivo study. On the other hand,
Vannucci et al24 found reduced expression of genes involved in
apoptosis at 21 days postinfection, the period in which gross
and histologic lesions of PE are most extensive.9,24 The
Figure 8. Temporal changes in the apoptotic index detected by the TUNEL and caspase-3 immunohistochemistry methods. Apoptotic events are
higher at 11, 15, 19, and 24days postinfection in crypt cells of pigs experimentally inoculatedwith L. intracellularis. *P< .05.&¼ challenge group, results
for caspase-3;c ¼ control group, results for caspase-3;~ ¼ challenge group, results for TUNEL; D ¼ control group, results for TUNEL.
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approach used by Vannucci et al24 proposed a decrease of
apoptotic events at the molecular level, whereas our study
demonstrated that there is an increase in apoptotic activity in
the infected crypts. There is no clear explanation for this dif-
ference in findings. However, we hypothesize that although the
transcription analysis has demonstrated stimuli to decrease
apoptosis, there is no direct correlation between the number
of genes that are up- or downregulated and cell cycle change.
In other words, there are other events posttranscription (trans-
lation, protein degradation, and protein interactions) that are
important for regulating the cell cycle. Therefore, although Van-
nucci et al24 found an increase in expression of genes that are
Figures 9, 10. Proliferative enteropathy, enterocytes, pig. Transmis-
sion electron microscopy. Figure 9. Day 15, oblique section of 2 L.
intracellularis organisms (black arrows) in the terminal web of imma-
ture enterocytes with poorly developed microvilli (white arrow).
Bar ¼ 0.285 m. Figure 10. Day 24, note the length of fully developed
microvilli (white arrow) in crypt enterocyte. Bar ¼ 0.455 m.
Figures 11, 12. Proliferative enteropathy, ileum, pig, day 24. Immu-
nohistochemistry for caspase-3. Figure 11. Crypts with several
immunolabeled immature cells with homogeneous diffuse cytosolic
brown staining. Figure 12. Normal crypts with mature enterocytes
and goblet cells and no immunolabeling.
Table 2. Fecal Shedding Detected by PCR and IgA Titers in Intestinal
Lavage of Pigs at Different Time Points After Experimental Infection
with Lawsonia intracellularis.
No. of Days After Inoculation
1 3 5 8 11 15 19 24 29 35
PCR –/– þ/– –/– –/– þ/þ þ/þ þ/þ þ/– –/– –/þ
IgA NT NT NT NT –/– –/1:4 1:4/1:4 1:16/1:4 –/1:4 –/–
Abbreviation: NT, not tested. The data are based on 2 pigs at each time point.
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linked to decreased apoptosis, posttranscriptional events may
result in programmed cell death.6,18
Similar to our findings about apoptosis events during L.
intracellularis infection, Jones et al14 have found that Helico-
bacter pylori infection induces a reversible apoptosis; in other
words, apoptotic events would return to basal levels after H.
pylori elimination. A type III secretion system (T3SS) has been
identified in L. intracellularis.1 Although there is not complete
knowledge about its function and effector proteins in L. intra-
cellularis, in other gram-negative bacterial species such as
Vibrio alginolyticus, T3SS has been recognized as an important
inductor of caspase-3 that, as a consequence, indirectly induces
apoptosis.26 Citrobacter rodentium, a gram-negative bacterium
that causes transmissible colonic hyperplasia in mice, also
induces cell apoptosis, although not through the caspase-3 path-
way.5 Furthermore, this species also has a T3SS that delivers
effector proteins to host cells,22 and these proteins have been
described in E. coli as having a cytotoxic effect that could result
in apoptosis.4 Further studies to identify the relationship between
L. intracellularis T3SS effector proteins and apoptosis must be
conducted. Furthermore, reduction of programmed cell death
(apoptosis) is not the explanation for enterocyte hyperplasia, the
hallmark lesion observed in L. intracellularis infection. It is
possible that a host response as a result of intracellular L. intra-
cellularis infection may play this role in the pathogenesis of PE.
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